ABSTRACT Thrombolytic recanalization of the obstructed coronary lumen was studied in 32 patients receiving intracoronary streptokinase for 60 to 90 min during acute myocardial infarction. The process was viewed at high arteriographic magnification and was quantified with computer-assisted measurements from repeated single-plane views. The variability of the method for this application was 0. 15 to 0. 18 mm on minimum diameter estimates. Structural details were seen that are not commonly appreciated at conventional magnification. The recanalized lumen appears to form along an interface between the thrombus and the vessel wall, progressively enlarging its minimum arteriographic diameter to 0.65 0.24 mm (±+ 1 SD) at the end of the short-term infusion of streptokinase reflecting a final percent stenosis of 77 10%. In nine infarct lesions found patent 5 + 3 weeks later, the recanalized lumen further improved an average of 0.34 mm in minimum diameter (p < .005) and 13% stenosis (p < .01). A thin film of contrast medium surrounding the obstructing thrombus faintly defined the boundaries of the original atherosclerotic lumen in all but two cases. The "original stenosis" measured 1.25 0.32 mm in minimum diameter and 56 14% stenosis when first visualized; it was unchanged throughout the course of infusion of streptokinase. In five patients catheterized 10 + 12 weeks before their infarction, the original stenosis averaged 1.15 0.22 mm in the preinfarct angiogram, as compared with 1.17 + 0.23 mm in its faintly defined form during thrombolytic therapy (p = NS). In 10 cases, this original lesion was less than a 50% stenosis, and in 21 cases less than 60%. These measurements permit an objective evaluation of the thrombolytic process; they demonstrate that mildto-moderate atherosclerotic coronary lesions are subject to acute thrombotic occlusion and that intracoronary streptokinase administered over 60 to 90 min only partially lyses the obstructing thrombus. 
THE SYSTEMIC INFUSION of a thrombolytic agent is a potentially beneficial treatment option in the setting of acute myocardial infarction.' -7 Current evidence suggests that the great majority of arteries supplying the zone of infarction are occluded by thrombus appearing to originate at the site of an atherosclerotic plaque. '8 9 In many cases, plaque ulceration may be the initiating thrombogenic event.'0 A number of factors fortunately, there is considerable observer variability in the conventional estimation of severity of coronary stenosis,27 28 and we believe that the recanalized arterial lumen has structural features29 that make accurate visual interpretation even more difficult in this setting. Therefore, we have developed an objective arteriographic approach to the analysis of the thrombolytic process and have evaluated its variability. Measurements are described from 32 patients with initially successful recanalization with intracoronary streptokinase.
Methods
Patients. Arteriograms from 16 participants in the Western Washington trial of intracoronary streptokinase in myocardial infarction6 and from 16 patients undergoing similar thrombolytic therapy in Hamburg, West Germany,4 were collected for evaluation from series of 23 and 20 consecutive cases. respectively. These were selected with the requirements that intracoronary streptokinase was used and that reperfusion occurred during its infusion. Mean age of the patients was 56 years (range 28 to 82). Mean time to administration of intracoronary streptokinase was 3.9 hr (range 2.0 to 11.5) after the onset of chest pain.
Mean intracoronary dose was 203,000 ± 74,000 (SD) IU of streptokinase. Occlusion of the left anterior descending coronary artery occurred in 19 (59%) of these patients, of the right coronary artery in 10 (31 %), and of the left circumflex coronary artery in three (10%).
Three patients groups were defined. Five patients (group 1) had undergone coronary angiography shortly before the acute myocardial infarction. The mean interval between the "preinfarct" angiogram the the streptokinase angiogram was 10 + 12 weeks. Group 1 provided a unique opportunity to examine the stenosis before its thrombotic occlusion and to evaluate the amount of thrombolytic recanalization relative to the "original" stenosis. In 16 patients (group 2), angiograms of the occluded artery were repeated in a preselected view after intracoronary administration of 0.2 mg of nitroglycerin, and then every 15 min during the subsequent intracoronary infusion of streptokinase, which continued in all patients for 1 hr and in five for longer, up to 90 min. Group 2 permitted observations on the temporal sequence of events in thrombolysis. Thirteen patients (group 3), principally those treated in Hamburg, were electively recatheterized at an average of 5 + 3 weeks after the initial infusion of streptokinase. In nQne of these was an intervening procedure such as bypass grafting or percutaneous angioplasty performed. In all cases, warfarin anticoagulation was initiated and continued until the late angiogram (protime data are not available). Group 3 permitted a perspective on the early fate of an initially recanalized stenosis. Two patients in group 2 also provided data for group 3. Patients in groups 1, 2, and 3 received 220,000 + 66,000, 202,000 + 84,000, and 198,000 + 71,000 IU of intracoronary streptokinase, respectively.
Quantitative angiography. We quantified the process of thrombolytic recanalization from repeated injections in a single arteriographic view.30 Practical considerations prevented the traditional use of paired perpendicular views. Specifically, repeated paired views at five points during the course of thrombolysis would have added up to 100 ml of additional contrast medium to the procedure; this extra contrast burden is potentially hazardous in a patient with acute myocardial infarction. Cons equently, the "best" view of the occluded artery was selected by the angiographer from among the initial two-to-four standard projections, and injections were repeated in this single view at subsequent points. In measuring these arteriograms, traditional corrections for pincushion distortion and for out-of-plane magnification were made with three-dimensional information obtained from the initial paired views; thus the dimensional accuracy of these measurements is as previously described.3s3
Single-plane lesion analysis. as performed in these studies, makes the assumption that the measured lumen is round in cross-section. We believe that this is a suitably accurate approximation in the usual atherosclerotic lesion, 4-36 based on measurements of lumen dimensions in physiologically distended diseased arterial segments. However, the assumption of lumen "roundness" in the partially thrombosed recanalizing lumen is as yet untested. Lumen cross-section the quantitative angiographic analysis of the recanalized lesion is somewhat more complex and subjective than that of ordinary atherosclerotic coronary lesions, it was necessary to evaluate the variability of the method for this application. Serial measurements were made during the successful recanalization of 1 1 lesions and were repeated, in blind fasion, from the same cinefilms at least 1 1 months later. A total of 61 injections of these lesions were measured; the measurements were repeated without reference to the initial analysis. From each injection, two frames were selected by an experienced angiographer. These were traced and digitized once each by the angiographer and by a single technical assistant. Each dimensional estimate for a given lesion and time point was thus an average of the four individual measurements. The initial and final measurements were compared in terms of the average of their differences (evidence for a change in technique over the l l month interval) and the standard deviation of their differences (an estimate of measurement variability). The statistical analysis used paired t tests for evaluation of group trends and pooled t tests for comparison of two groups. A difference was called significant if the probability of its chance occurrence was less than .05.
Results
Morphologic features. Figures 1 to 4 provide typical examples of the thrombolytic process and illustrate the measurement method. When viewed at high magnification, structural details are visible that are not easily appreciated at the magnifications used commonly for angiographic viewing. In 30 of 32 cases, one or more distinct lobulated masses of thrombus were seen in the vessel lumen after flow had been reestablished. In 29 of these cases, the proximal part of the thrombus appeared to adhere to a site of atherosclerotic arterial narrowing (see figure 3 for the apparent exception). In 16 Table 1 gives the results of the variability analysis. Normal and minimum diameter in the original and the recanalizing lumen were measured from 61 different injections of 11 infarct lesions. The same measurements were repeated 11 months later, using the same cinefilms, but without reference to the original analysis. The average of differences between the two measurements was small and not significantly different from zero. The standard deviation of differences in the minimum diameter measurement in the recanalizing lumen was 0.18 mm, almost twice that of repeat measurements of ordinary atherosclerotic lesions. This increased variability is due to frame-to-frame differences in appearance of the recanalized lumen, as well as difficulty in identifying distinct borders. Variability in measurement of minimum diameter in the original stenosis was 0.15 mm, surprisingly low in view of the faintness of contrast defining this lumen. Variability for measurement of normal vessel caliber was 0.27 mm, somewhat greater than usual because the segment distal to the occlusion was frequently poorly visualized during the early stages of recanalization.
Diameter of the recanalized lumen. For each of the three patient groups, figure 5 shows the time course of the four angiographically measured diameters: proximal "normal," distal "normal, minimum Time course of change in stenosis resistance. For purposes of this analysis, totally occluded vessels were assigned a resistance value of 1000 mm Hg/ml/sec, inconsistent with even minor distal perfusion. Figure 7 shows the average time course of change in estimated stenosis pressure loss with "normal" flow for those vessels found open initially, for those opening "early" (15 RECANALIZATION FIGURE 6 . An interpretation of the morphologic features and measurements of the recanalization process. Typically, fresh thrombus is totally obstructive (A). During recanalization (B), thrombus morphology and the geometry of the underlying artery are revealed radiographically by faint staining due to contrast penetration into the gap between thrombus and endothelium (EC). Typically, the underlying stenosis is moderate; the fibrin/platelet thrombus (F/PT) may adhere to a site of obvious ulceration (U) arising from the necrotic center (NC) of the plaque. A large downstream "tail" of thrombus is nearly completely lysed (or embolized). But, in the stenosis, the acutely recanalized lumen (RL) is only about 50% of the diameter of the original lumen (OL) after 60 min intracoronary of streptokinase. Thus a large part of the original stenosis remains blocked by persistent thrombus.
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, I ,, I r Pre Post 15 30 45 60 75 90 NTG NTG Infusion Time (min) FIGURE 7 . Time course of change in flow resistance (pressure loss at "normal" flow of 1 ml/sec) in recanalized lumen during infusion of streptokinase in 16 patients of group 2. Resistance was arbitrarily called 1000 mm Hg/ml/sec in totally occluded vessels. Five arteries were barely open initially; seven opened at 15 
Discussion
During successful coronary thrombolysis, as visualized with highly magnified arteriographic images, an initially small channel forms along the least resistant pathway through the occluding thrombus and enlarges with continued lysis. Outside the boundaries of this developing channel, a larger faintly opacified lumen is usually seen. The latter appears to result from the penetration of contrast medium into the narrow gap between thrombus and the coronary endothelial surface, thus defining the lumen of the original stenosis as it appeared before its acute occlusion. At its narrowest point, this original lumen averaged 1.28 + 0.38 mm (SD) in diameter, a 55 + 15% diameter stenosis. The original stenosis was less than 50% in 10 of 32 (3 1%) acutely thrombosed coronary segments, and in 21 (66%) it was less than 60%. Thus, by clinical standards, the majority of these coronary segments that became acutely occluded were mildly or moderately narrowed by atherosclerosis. This finding conflicts with the widely held view that thrombosis occurs primarily in a severe stenosis. But it is consistent with the observation that many myocardial infarctions occur in previously asymptomatic individuals and often after the recent demonstration of excellent exercise capacity.
The finding of a mild-to-moderate stenosis as the pathology frequently underlying acute coronary occlusion implies that the severity of atherosclerotic narrowing is not the primary determinant of the likelihood of acute occlusion. Additional factors may include morphologic features of the lesion such as vasomobility, the size and composition of the necrotic center of the atheroma, the thickness of the atheroma's fibrous cap or its vulnerability to ulceration, the amount of local inflammatory reaction, the capacity for local prostacyclin production, or the vigor of mechanical flexing. In a few instances (see figure 4) 
